Introduction 16
Deciphering the climate signals and glacial history of the mid-latitudes of the Southern 17 Hemisphere (Fig. 1 ) during the Holocene is key to unravelling the mechanism of climate 18 change that occurred during this period. During the last ~11500 years, a series of intervals 19 of rapid climate changes occurred worldwide (Mayewski et al., 2004) In Patagonia (Fig. 1) , a number of different Neoglacial chronologies have been produced 1 (e.g. Mercer, 1982; Aniya, 1995; Clapperton and Sugden, 1988; Aniya, 2013) . However, 2 significant differences between these chronologies have not been fully resolved. The most 3 recent of these chronologies suggests that the largest advance in the Lago Argentino area 4 (50°S) occurred between 6000-5000 yr B.P. (Strelin et al., 2014) . 5 In Southern Island of New Zealand (Fig. 1) , on the other hand, notable periods of glacier 6 still stand or re-advance occurred during the early to mid-Holocene, as well as during the 7 last millennium (Schaefer et In this context, it is clear that several aspects of the Neoglacial chronology of the southern 12 mid-latitudes (35°-55°S) are still inadequately understood, and more detailed chronologies 13 are needed. Particularly relevant for this study, is the lack of agreement regarding the 14 timing of the Neoglaciations in the southern mid-latitudes (Porter, 2000) . 15 Understanding the climate and glacial history of the southern mid-latitudes is a prerequisite 16 for testing hypothesis regarding the origin and propagation of palaeoclimate signals, the 17 coupling of the ocean-atmosphere in the extra-tropics, and the interaction of low-and high-18 latitude climate controls on hemispheric and global climate (Fletcher and Moreno, 2012, 19 Moreno et al., 2010, Rojas et al. 2009 , Putnam et al. 2012 ). The mid-Holocene represents a 20 key moment in our late climate history. This period, within the current interglacial cycle 21 had important differences in orbital parameters with respect to the present conditions and 22 was devoid of influences from late-glacial climate change (Braconnot et al., 2007) . 23 Although recent work has demonstrated that orbital forcing may not have played a critical 24 role in glacier behavior during cold phases of the last glacial cycle (Doughty et al., 2015) , 25 the climatic boundary conditions at that time were very different than during the Holocene. 26 Considering the uncertainty in the timing of the beginning of the Neoglaciation, but that 27 geologic evidence suggest that glaciers were larger than present between 8000-6000 yr B.P. MH and PI. In the next sections we explain both, the model and the data. General approach 2 consists in resize all PMIP2 models output to a resolution of 0.5° using linear interpolation. 3
Due to the coarse resolution of the PMIP2 models, and the regional nature of this study, we 4 used the ELA as a general indicator of glacier behaviour as we are not considering 5 individual glaciers and their specific responses to climatic variations. For each grid point 6 we obtained surface mass balance as a function of altitude. From this mass balance profile 7
we obtained the ELA. Rather, we are interested in translating the output of the PMIP2 8 models into a signal that the glaciers respond to. Although the ELA is also determined by 9 local climate or topography factors, it is a good indicator of regional climate because 10 glacier mass-balance are commonly correlated over distances of 500 km (Bakke and Nesje, 11 2011) or even more distance. For example, in the Southern Alps of New Zealand today, 12 glacier end of summer snowlines (a proxy for the ELA) monitored by aerial survey 13 correlate over the ~800 km length of the Southern Alps (Chinn et al. 2005) . 14 We applied the same procedure for both time slices (mid-Holocene and pre-Industrial) as 15 we are interested in a regional view of ELA change, hence we focus in the difference 16 between the two periods more than the absolute values of ELA, although we expect a 17 reasonable value for the ELA. 18
Glacier Mass Balance Model 19
We applied a simple glacier mass balance model to explore the regional differences in the 20 ELA between the MH and the PI in the southern mid-latitudes. 21 Although many of the ELA reconstructed are based in geologic evidence, ELA modelling 22 studies has been made. Degree-day models, as used in this study, have previously been 23 applied for palaeoclimate studies using data from general circulation models (GCM). Where ṁ is the mass balance rate, ċ the accumulation rate and ȧ the ablation rate at time ‫ݐ‬ 9 and elevation ‫. ݖ‬ 10 In glacier mass balance model, accumulation is defined as the portion of the daily 11 precipitation that falls as snow when the daily average temperature is below certain 12 temperature threshold (ܶ ௧ ). Previous studies have considered ܶ ௧ being in the range of 13 0°C to 2°C (Radic and Hock, 2011) . Therefore, water equivalent (w.e.) accumulation is 14 calculated based on the daily information of mean temperature ሺܶ ሻ and total daily 15 precipitation ‫(‬ ௗ ሻ, and calculated as: 16
In this case, ܶ ௧ was assumed as 1°C (Anderson et al., 2006) . 18 In the middle-latitudes, the ablation process is mainly controlled by melting (Rupper and 19 Roe 2008) . Temperature is a good predictor of melt because incoming longwave radiation 20 and turbulent heat fluxes are important terms in the energy balance that are closely related 21 to air temperature (Ohmura, 2001; Oerlemans, 2001 ). The other major component of the 22 energy balance, shortwave radiation, is also closely correlated to air temperature. 23 Ablation in the model is proportional to the mean daily temperature, and occurs for values 24 above 0°C (Braithwaite, 1985; Hock, 2005) . In this study, we calculated ablation 25 using ܶ when this is positive: 26
Where ܶ ௗ ା is a positive daily temperature. 1
Ablation is calculated by multiplying the ܶ ௗ ା by a factor that relates temperature and 2 ablation, the degree day factor (DDF). The DDF (mm w.e. d -1 C -1 ) corresponds to the 3 amount of melting (of ice and snow) per day, which occurs when temperatures are higher 4 than 0°C. This parameter shows great spatial variability and, in general, is higher for ice 5
and lower for snow due to the high albedo of the latter that reduces the absorption of 6 shortwave radiation (Braithwaite, 1995) . In this study we use values of 6 and 3 mm w.e. d In this study, we use a DDF snow when the snow depth is greater than zero, and DDF ice when 12 the snow depth is equal to zero. 13 Note that, in this study, we assume that temperatures below zero do not contribute to 14 melting (Hock, 2003), and any potential contribution of sublimation to the total ablation is 15 neglected because it is likely small compared to melting. 16 By applying this model at different elevations, we obtain a glacier mass balance curve 17 (specific mass balance with altitude). The ELA occurs where the mass balance equals zero. 18 For the purpose of this study we assumed that some parameters such as temperature and 19 precipitation lapse rates, DDFs and temperature threshold ܶ ௧ , are constant and equal for 20 both the MH and the PI. Although this might not be strictly correct our focus here is on the 21 relative differences between the two periods rather than absolute values. Although PMIP is currently in its third phase (PMIP3) we used the modelling outputs of 17 PMIP2 given that daily data were not available for the most recent phase when this study 18 began. We analysed 7 models of the PMIP2 initiative (Table 1) . 19 We compared the PI outputs with gridded temperature and precipitation data from CRU 20 process of mass balance modelling. In doing this, we are mindful that we are working at 8 mountain range scale, and that the PMIP2 models do not represent the precipitation 9 gradient very well, especially in the Southern Alps (Supplement Fig. S4 ). In addition a 10 constant precipitation factor (of 1.55) was also applied to account for the underestimation 11 that low resolution global models have of precipitation at high elevations (e.g. Rojas, 12 2006 ). 13 The results were averaged over 6 study zones. These zones correspond to: the Chilean Lake respectively) (Fig. 1) . Also we calculated climate differences between MH and PI over 19 these 6 zones using monthly PMIP2 data and tested their significance using a t -test in the 20 case of temperature, and a non-parametric Wilcoxon-Mann-Whitney test in the case of 21 precipitation with a significance level of 95 %. 
3.1
Climate differences between the mid-Holocene and the pre-industrial 25 Seasonal temperature differences between the MH and the PI ( In New Zealand (Fig. 2 ) the models show colder MH condition in austral autumn (~-0.7°C) 2 and winter (~-0.4°C), and warmer conditions in spring (~0.3°C). In summer the intermodel 3 spread is larger, so that on average, the temperature anomalies are not significant. In the 4 annual mean, the temperature anomalies for South America and New Zealand are identical 5 (~-0.2°C). These temperature differences reflect the seasonal insolation difference between 6 the two periods. Estimates of precipitation change show less consistency than for 7 temperature (Fig. 3) , and in several cases the models show precipitation anomalies of 8 different sign within regions. Nevertheless, there are some regions and seasons for which 9 the models show consistent precipitation changes. For example, during austral summer and 10 autumn the models suggest that the climate was wetter during the MH compared to PI, in 11 the CLD and the Patagonian Icefields. In general all zones exhibit drier winters than the PI; 12 spring was drier in the CLD and NPI, somewhat wetter in the SPI and CD and marginally 13 drier in the New Zealand zones. We find that the CLD was wetter in summer and autumn, 14 no change in winter and dryer in spring. Note that none of the precipitation changes are 15 statistically significant. 16
ELA calculations and differences 17
For ELA calculations, we excluded the FOAM model due to its unsatisfactory simulation of 18 the PI climate results (Supplement Figs. S1 to S4). The spatial distribution of the PI mean 19 ELA based on six PMIP2 models in Patagonia (Fig. 4) (Table 2) . 5
As for the multi model mean ELA differences, in Patagonia (Fig. 6a) and in the Southern 6
Alps (Fig. 6 ) the ELA was lower during the MH compared to PI, however the magnitude of 7 change is relatively small: in Patagonia the mean difference is ~20 m in all zones, in the 8
Southern Alps is ~30 m in both zones. Besides the small estimated ELA variations, it is 9 important to highlight the consistency between ELA differences calculated by the PMIP2 10 models. In the Southern Alps, all of the six models indicate a negative sign in the ELA 11 differences between the MH and the PI (Fig. 6) . In Patagonia at least four models show 12 negative differences between MH and the PI in almost the entire domain, with five models 13 showing a lower ELA during the MH in some parts of the CLD and SPI zones and six 14 models showing the same result in the west coast of the SPI zone (Fig. 6) . 
Differences between mid-Holocene and pre-industrial ELAs 18
We observe that the mass balance model applied to Patagonia and New Zealand is able to 19 capture the expected differences in the climatological ELA associated with the climate 20 conditions estimated for the MH and the PI. Our results show that during the MH the ELA 21 could have been between 20-30 m lower than during the PI in Patagonia and New Zealand. 22 We propose that the results of the modelled ELA differences can be explained mainly by 23 the significant and consistent differences in modelled temperatures observed. The impact of 24 the precipitation anomalies are more difficult to assess, given that the climate data is 25
heterogeneous. This suggestion is consistent with the idea that glaciers from mid-latitudes 26 are more sensitive to changes in temperature than to changes in precipitation (Anderson and  27 Mackintosh, 2006). Moreover, we suggest that the observed differences in climatological 28 during winter is higher during the MH in almost all the PMIP2 models in all zones (Fig. 3) , 19 this also contributes to accumulation and therefore a lower ELA in the MH with respect to 20 PI. 21
ELA sensitivity to model parameters 22
We performed sensitivity runs to increase the robustness of the modelling results in the 23
Patagonian and Southern Alps sectors. This motivated by the small differences in modelled 24
ELAs and the lack of constraints on important parameters owing to the scarcity of 25 measurements, especially in Patagonia. We investigated the sensitivity of ELA to the 26 precipitation lapse rate and the Degree Day Factor (DDF) of snow and ice. 27 We assessed precipitation lapse-rate values of 0, 0.001 and 0.02 mm m southward (see Fig. 7 ). In Patagonia (Fig. 8) , the Chilean Lake District has a maximum 4 sensitivity of 6 m. This value is lower in the Northern Patagonia Icefield zone (2 to 3 m) 5
and close to 5 m in the Southern Patagonia Icefield. From both Figures it is clearer that in 6 almost all the study zone, for higher precipitation lapse rates values, the ELA differences 7 between the two periods become larger. We therefore conclude that the small ELA 8 differences in Patagonia and Southern Alps are significant and robust to this parameter and 9 therefore the results presented are the most conservative modelled ELA differences. 10 We maximum of 3 m in the northern part and also a reduction in the sensitivity to the south 14 (Fig. 7) . In Patagonia sensitivity is 3 to 4 m along the Andes (Fig. 8) . 15
Comparison of geomorphically-reconstructed ELA and model results 16
In the following paragraphs we assess our estimates of ELA change against some records of 17 neoglacial activity in both study areas The qualitative agreement in the direction of change between our modelling results and 10 geomorphic studies in these regions, despite absolute differences that are significantly 11 smaller (in the order of the tens of meters), lead us to conclude that the mass balance 12 modelling accounts for some but not all of the climatic differences between this two 13 periods. 
